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SUMMARY 
The secondary flows i n  a 90° square bend of 40 mn hydraulic diameter 
and mean radius of 92 mm have been measured a t  Reynolds numbers o f  790 and 
40 000 i n  a water t u n n e l .  The boundary layers a t  the i n l e t  t o  the bend were 
approximately 25% and 15% of the hydraulic diameter respectively. 
provide a be t t e r  understanding of the two f lows,  are  compared w i t h  published 
data of the flow w i t h  f u l ly  developed prof i les  a t  the bend inlet  and will 
a s s i s t  the evaluation of numerical prediction techniques. Laser-Doppler 
velocimetry was used to  measure veloci t ies  i n  the plane of curvature and, i n  
the turbulent flow, to  measure the associated f luctuat ions and cross- 
correlat ions.  Data i s  also given f o r  s ta t ions  upstream and downstream of 
the bend. For t u r b u l e n t  flow, wall pressure d is t r ibu t ions  are reported. 
The resu l t s  
I n  the l a m i n a r  flow strong streamwise vo r t i c i ty  i s  generated on 
entry t o  the bend,  with the r e su l t  that  the locus of maximum streamwise 
velocity on the symnetry plane moves towards the outer radius and regions of 
h i g h  streamwise velocity are convected along the sidewalls. 
flow, smaller secondary motions a t  the in le t  i n i t i a l l y  allow this locus to 
move towards t h e  inner radius under the action of pressure gradients before 
the influence of the strengthening secondary motion becomes evident about 
60° around the bend. The difference i n  the behaviour of the secondary motion 
i s  re la ted to  the difference i n  thickness o f  the i n l e t  boundary layers. 
Comparison w i t h  data f o r  fully-developed prof i les  a t  i n l e t  shows that  
the differences from the present laminar flow are  of d e t a i l .  I n  the turbulent 
flow, the influence o f  the secondary motion i s  apparent a t  ea r l i e r  streamwise 
positions f o r  the fully-developed prof i le .  
qua l i ta t ive  s imi l a r i t i e s ,  such a s  higher shear s t r e s s  towards the outer rad ius  
and large anisotropy a t  the e x i t  from the bend. Quant i ta t ively,  the turbulent 
levels  i n  the present flow are  much smaller, as  expected. 
I n  the turbulent 
The turbulent f i e lds  show 
The measurements are presented i n  tabular form and are a lso available 
on magnetic tape f o r  ease of comparison w i t h  predictions. 
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1. INTRODUCTION 
Flows i n  curved ducts are found i n  a wide range of practical configura- 
t ions and, i n  this report, they are discussed i n  the context of a 90' bend 
of square cross-section and comparatively strong curvature. A distinguishing 
character is t ic  of such flows is  the generation of streamwise vort ic i ty ,  o r  
"secondary motion", w i t h i n  the duct which can result i n  large redistributions 
of, for  example, the streamwise velocities. The change i n  t h e  flow on passing 
through the duct can be suff ic ient  t o  impair the performance of plant downstream 
of the duct, for example the performance of the compressor i n  a curved a i r c r a f t  
intake duct. 
Information on the flow i n  bends has been considered i n  reference 1 
and, w i t h  the exception of a few measurements of local velocity i n  bends of 
square cross-section, re la tes  to  pressure characterist ics.  
have been obtained for laminar flows i n  the round ducts of references 2 and 3 
and i n  the square duct of reference 4 which also yielded heat-transfer 
information. T u r b u l e n t  flow measurements have been reported i n  reference 5 
for  a near two-dimensional channel and i n  reference 6 for a channel w i t h  an 
aspectratio of 2. The maximum ra t io  of cross-stream to  b u l k  velocity was 
found, i n  reference 3, to be of the order of 0.5 and for  the turbulent flow 
of reference 6 to  be of the order of 0.3. The measurements of references 7 
and 8 provide the most comprehensive velocity information fo r  laminar and 
turbulent flow i n  a square duct w i t h  strong curvature. 
the bend was ful ly  developed fo r  both the laminar and turbulent flows and the 
development of the velocity through the ducts was markedly different  i n  the 
two cases. 
Local measurements 
The flow approaching 
The duct geometry investigated i n  this report i s  identical to tha t  
of references 7 and 8 , w i t h  t h i n  in le t -  boundary layers a t  the entrance to  the 
bend. T h i s  condition is relevant to  the case of a i r c ra f t  intake ducts. 
Measurements of the velocity characteristics w i t h i n  the duct are reported 
for  both laminar and turbulent flow and provide a basis for the understanding 
of the flow and i ts  development i n  the two flow regimes. The thickness 
of the boundary layers a t  the inlet  is expected to  be important because o f  
the related changein the cross-stream vorticity and this can be quantified 
by comparison w i t h  the results of references 7 and 8. A further purpose is 
to  provide detailed data i n  a form suitable for  the evaluation of numerical 
prediction techniques and this requires careful measurement of the conditions 
a t  the inlet of the duc t  for use as boundary conditions i n  the prediction 
algorithm. 
the numerical accuracy of the procedure and to  provide an assessment of the 
turbulence model. 
The laminar and turbulen t  flow can be used to study, respectively, 
The aim of the report is to make available accurate measurements of the 
streamwise and cross-stream velocity and wall s t a t i c  pressure i n  suff ic ient  
de ta i l  to  fu l f i l  the purposes of the previous paragraph. 
previous investigations of refererces 7 t o  9, laser-Doppler velocimetry was 
used to  measure the velocity components. 
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In c m n  w i t h  the 
The following section describes the experimental procedure and 
The results are  discussed i n  section 4 and a sumnary of 
I includes estimates o f  the er rors  associated w i t h  the measurements presented 
I i n  section 3. ' conclusions is  provided i n  section 5. 
2. EXPERIMENTAL PROCEDURE 
i 2.1 Flow Configuration 
The d u c t  was a 90' bend of mean radius 92 mm and of radius r a t i o  2.3, 
identical  to  t ha t  of references 7 and 8. The dimensions of the cross-section 
(40 f 0.1 x 40 kO.1 mm) conform closely t o  those used for  the s t r a igh t  square- 
sectioned d u c t  investigated i n  reference 9 and used i n  references 7 and 8 t o  
provide fully-developed flow upstream of the bend. 
i n  figure 1 , together w i t h  the co-ordinate system adopted i n  the report. The 
bend was ins ta l led  i n  a water tunne l  w i t h  the plane o f  synmetry located 
horizontally. F igu re  2 shows a plan view o f  the water tunnel and the lengths 
l of the s t r a igh t  ducts upstream and downstream o f  the bend. 
through the bend was controlled by precision-bore flowmeters. The  b u l k  velo- 
ci t ies,  V , were 1.98 un/s and 1.00 m/s fo r  the laminar and t u r b u l e n t  flows 
respec t ivhy ,  corresponding to  Reynolds numbers, Re, of 790 and 40 000 and 
Dean numbers, De, of 368 and 18 700. The temperature of the water was main- 
tained a t  20°+-20C for  a l l  t h e  experiments. 
The geometry is i l l u s t r a t ed  
The flow ra t e  
2.2 Velocimeter configuration, Doppler signal processing and measurement 
technique 
Figure  3 ( i )  shows the optical  arrangement of the laser-Doppler veloci- 
meter w i t h  the sens i t iv i ty  vector o f  the velocimeter i n  t h e  gapwise direction. 
I t  is similar to  an arrangement described i n  reference 10 except t ha t  
frequency sh i f t ing  of the laser l i g h t  was not used. Figures 3 ( i i )  and ( i i i )  
show photographs of the bend and optical  system respectively. 
which was used to t u r n  t h e  opt ical  axis  through 9O0,was f l a t  t o  one-tenth of 
the wavelength of l igh t .  
are  summarised i n  the following table: 
The mirror, 
The principal character is t ics  o f  the optical  system 
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Characteristics of the optical 
arrangement 
Lami na r Turbulent 
flow flow 
Focal length  of imaging lens (mn) 
h'aif-angle o f  intersection 
Fr inge  separa t i  on ( 1 i ne-pai r spacing ) 
Number of fringes i n  measuring volume 
Inter sec ti on vol ume d i  ame t e r  ca 1 cul a ted 
Intersection volume length calculated 
Photomultiplier pinhole diameter (mm) 
Transform constant (MHz/ms-l) 
2 a t  l/e intensity (mn) 

















The Dopplersignals were detected by a photomul t iplier tube (E.M.I. 
9658B) and demodulated by a frequency tracker (Cambridge Consultants C C O l ) .  
The voltage analdgue of the Doppler frequency was averaged to  give a mean and 
root-mean-square voltage, as indicated i n  figure 4 .  For the t u r b u l e n t  f low 
measurements, the flow was seeded (see reference 11) w i t h  m i n u t e  quantities 
of m i l k  t o  increase the scattering particle concentration and thereby increase 
the par t ic le  arrival rate.  
The local streanwise ( U )  and gapwise ( V )  components of velocity, and 
for  t u r b u l e n t  flow the fluctuating components 6, v' and cross-correlation z, 
were obtained by making measurements of the Doppler frequency i n  three 
directions (Oo,+ 45O) relat ive to the local streamwise direction a t  each 
measurement p o i n t .  The method of data reduction involves resolving these 
measured frequencies into streamwise and gapwise components a s  described i n  
reference 9. The t h i r d  component of velocity, W ,  and the associated correlations 
Q and UW were measured i n  a similar manner, w i t h  the three measurements being 
made i n  the X -  e plane. 
Wall pressure measurements were obtained by means of pressure tappings 
le t  in to  the walls of the duct .  Pressure measurements were made w i t h  a water- 
micromanometer. 
of water and were too small fo r  reliable measurement. 
In laminar flow the pressure differences amounted to 20 pm 
2.3 Accuracy and precision 
e r ror )  and precision (random error) associated w i t h  each measurement presented 
i n  section 3. 
The following table sumarises the estimates of accuracy (systematic 
No corrections have been applied to take account of f i n i t e  
4 
t rans i t  time, mean velocity gradient and instrument noise broadening; 
reference 11. 
been included i n  the systematic errors of the t ab le .  
23 and 3% errors associated w i t h  non-dimensional mean velocit ies;  
systematic errors  away from the region of h i g h  velocity gradients are  less  
than 1%. 
see 
Only velocity gradients have a significant e f fec t  and this has 
This accounts for  the 
the 
Measurement errors  





V, ( turbulent)  
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V / V c  














up to  23% 
up t o  3% 
up to 3% 
up t o  3% 
up t o  3% 










21 t o ?  3% 
213% t025X 
511% to  +5% 
224% t o  iaaz 




3.1 Laminar F1 ow’ Results 
The laminar nature of the flaw was confinned by extensive visualisation 
S t i l l  and cine photography recordings were made. The 
us ing  hydrogen bubbles  preduced nn 0.375 mn Nschrome wires inserted through 
the pressure tappings. 
photograph presented as figure 5( i )  shows the secondary velocity convecting 
f l u i d  from the pressure (outer) wall along the sidewall to  the suction (inner) 
wall, for  Re = 1275. Flow visualisation d i d  not reveal a region of longitudinal 
recirculation on the pressure wall as was observed i n  reference 7. Fig.  5 ( i i )  
shows the flow a t  the exi t  of the bend. The streak1 ines indicate large second- 
ary motion near the suction surface and i t s  absence along the mean radius of 
the bend. Near t h e  pressure surface the bubbles are  convected by t h e  secondary 
motion from t h e  symnetry plane to the sidewall. The velocity profiles presented 
i n  the following paragraphs quantify the magnitude and extent of this pattern. 
Preliminary measurements were obtained to  evaluate the symnetry of the 
flow and to determine the extent to  which the bend influenced the flow upstream. 
I t  was found tha t  measurements a t  equivalent locations on either side of the 
symnetry plane of the d u c t  agreed w i t h i n  t h e  precision of t h e  measurement. 
There were no discernable t r e n d s  and the flow may be regarded as symmetric. 
Profiles of streamwise velocity a t  XH = -0.25 and -0.50 showed that  the 
influence of the bend was detectable a t  the two s ta t ions closest  to  the plane 
of the bend entrance b u t  was very small and i s  unlikely to  be present a t  
XH = -0.75. 
The development of the streamwise velocity i s  depicted i n  figure 6 i n  
a form comparable to tha t  of reference 7. 
defined a t  95% of t h e  maximum velocity, are a quarter of the hydrau Y i c  
diameter (40 m m ) .  The same results are presented as isotachs of  streamwise 
veloci ty i n  figure 7 for ease of presentation and subsequent discussion. The 
contours have been drawn using 1 inear interpolation between the measurement 
points; no extrapolation outside the measured g r i d  has been carried o u t .  
isotachs i n  figure 7 ( i )  suggest that  the bend has l i t t l e  e f fec t  on the flow 
upstream of the inlet  and tha t  as the f l u i d  moves through the bend, 
figures 7 ( i i ) - ( v )  , h i g h  velocit ies a r e  found near the pressure surfaces and the 
sideyalls w i t h  a corresponding low velocity region adjacent t o  the suction 
surface. The development of the streamwise velocity i s  influenced by the 
streamwise pressure gradients. 
form can be expected to  be similar to  t h a t  calculated i n  reference 7, which 
showed that  the gradient is  strongly adverse over the suction surface for about 
450 while i t  is strongly favourable over the pressure surface for  the same 
region. 
of high streamwise velocity f l u i d  from the pressure surface along the sidewalls. 
Figure 8 shows profiles of the gapwise component of secondary velocity, w i t h  
figure 9 displaying the same information as isotachs. 
The boundary layers a t  X = -0.25, 
The 
Although wall pressures were not measured, the 
The generation o f  streamwise vorticity i s  responsible fo r  the convection 
A t  XH = -0.25 
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( f i g u r e  8( i)) , the ve loc i t y  i s  small (0.05Vc) b u t  directed towards the 
suction surface o f  the s t r a i g h t  duct. This f l o w  i s  evidence o f  a gapwise 
pressure gradient upstream o f  the bend. The p r o f i l e s  i n  the bend confirm 
t h a t  the f l u i d  near the symnetry plane moves way  from the si iet ion si ir face and 
t h a t  f l u i d  near the sidewalls moves towards the suct ion surface. This r e s u l t s  
i n  a secondary f low o f  the " f i r s t  kind" (reference 12), which i s  a strong , 
h e l i c a l  motion near the suction surface. The la rges t  ve loc i t i es  measured 
occur a t  e = 600 with values o f  the order o f  0.6Vc, although the v e l o c i t y  
near the symnetry plane and suction surface has decayed and i s  close t o  zero. 
This feature i s  seen t o  continue a t  e = 77.50 and XH = 0.25 and i s  
associated w i th  the accumulation o f  low streamvise ve loc i t y  f l u i d  a t  the 
suct ion surface. 
Downstream o f  the bend, f i gu re  7 ( v i )  shows t h a t  the streamwise ve loc i t y  
has decelerated on the pressure side o f  the duct. Figure 8 ( v i )  presents. 
the corresponding p r o f i l e  of gapwise ve loc i t y  which has decreased g rea t l y  
from the e x i t  plane o f  the bend and has a lso reversed d i rec t i on  close t o  
the pressure surface. 
was measured and i s  presented i n  f i gu re  10. 
of two counter-rotat ing vort ices which i s  i n  agreement with the predic t ions 
of reference 7,al though the predicted values are general ly l a rge r  over the 
cross-section. It i s  associated w i th  the rap id decelerat ion o f  strearwise 
ve loc i t y  near the pressure surface causing a pos i t i ve  gapwise v e l o c i t y  near the 
syme try p l  ane . 
i n  Appendix 1 as Table I .  
For t h i s  stat ion,  the spanwise ( W )  component o f  ve loc i t y  
The secondary f low thus consists 
The r e s u l t s  from which the graphs have been p lo t ted  are tabulated 
3.2 Turbulent f low results 
As f o r  the laminar flow, symet ry  tes ts  were carr ied out  w i t h  resu l t s  
s i m i l a r  t o  those f o r  the laminar flow. The inf luence o f  the bend on the f low 
upstream was again examined and found t o  be more extensive than f o r  the laminar 
flow, being present a t  XH = -0.50 and -0.75. 
The development of the streamwise component of ve loc i t y  i s  shown i n  
f igure 11. 
the hydraul ic  diameter) than those of reference 8 a t  the i n l e t  t o  the bend. 
Figure 12 shows the corresponding isotachs which, i n  contrast  t o  laminar flow, 
are displaced t o  the suction surface o f  the duct, upstream of the bend. 
Measurements showed t h a t  t h i s  displacement was n e g l i g i b l e  a t  XH = -0.75. The 
f l u i d  near the suct ion surface continues t o  accelerate a t  0 = 30° and by 
8 = 600 the inf luence of the secondary motion on the contour shape i s  evident 
and continues t o  the e x i t  of the bend, w i t h  the pos i t i on  o f  maximum ve loc i t y  
migrat ing from r* -0.7 t o  r* = 0.4. 
As for the laminar f low,  the boundary layers are th inner  (1 5% o f  
7 
The p r o f i l e s  o f  gapwise ve loc i t y  are presented i n  f i g u r e  13, wi th the 
corresponding contours i n  f i g u r e  14. As expected a t  XH = -0.25, the v e l o c i t y  
i s  directed towards the suction surface, f o r  the same reasons as i n  the laminar 
flow. The streamwise v o r t i c i t y  t ha t  i s  generated within the bend develops 
more slowly than f o r  the laminar flow, while the p o s i t i v e  v e l o c i t i e s  occur i n  
the region very close t o  the sidewalls, corresponding t o  the th in boundary 
layers. The maximum v e l o c i t i e s  are again found a t  8 = 600, and are about 
0.4Vc. I n  common w i t h  the laminar flow, the v e l o c i t i e s  on the symnetry plane 
near the suct ion surface are small, because o f  the small streamwise v e l o c i t y  
i n  t h i s  region. 
' 
The wall  pressures are presented i n  f i g u r e  15 (i) as p(8) w i t h  r* as 
I n i t i a l l y  an adverse pressure gradient develops 
Fig. 15 (ii) 
parameter and i n  f i g u r e  15 ( i i )  as p( r* )  w i th  0 as parameter. 
r a d i a l  pressure gradient a t  the i n l e t  plane confirms the inf luence o f  the 
bend on the upstream duct. 
on the pressure surface,and a favourable gradient on the suct ion surface, 
causing the observed decelerat ion and accelerat ion o f  the f l u i d  near the 
respective surfaces. 
shows t h a t  as, expected, the l a rges t  values o f  gapwise pressure gradient are 
associated w i t h  the large gapwise ve loc i t i es  a t  0 = 600 an$ 0 = 77.50. 
The pressure loss due t o  the bend i s  o f  the order of 0.1 pVc, which i s  
comparable t o  the value reported i n  reference 1 f o r  a s i m i l a r  conf igurat ion.  
The large 
These trends are reversed a f t e r  0=500. 
The development downstream of the bend i s  shown i n  f i gu res  13 ( v i )  and 
14 ( v i ) .  
pressure wa l l  whi le f l u i d  near the suction wa l l  has accelerated. 
v e l o c i t y  has decayed less than was the case f o r  the laminar flow, and only 
one sense of c i r c u l a t i o n  i s  evident a t  XH = 2.50. 
ve loc i ty ,  W,is presented i n  f i gu re  16 with the pos i t i ve  v e l o c i t y  d i r e c t i o n  
The pos i t i on  of maximum streamwise ve loc i t y  l i e s  c loser t o  the 
The gapwise 
The t h i r d  component o f  
, def ined as f o r  laminar flow. 
Figure 17 gives contours o f  the Reynolds stress E. Upstream o f  the 
bend 
A t  successive streamwise planes, large values of 
surface and near the sidewalls i nd i ca t i ng  t h a t  momentum t ranspor t  i s  large 
i n  t h i s  region coinciding w i th  large streamwise-velocity gradients. The 
change i n  the s ign o f  UV i s  c losely associated w i t h  changes i n  the sign o f  
aU/ar*, a t  l e a s t  for the region z* L. 0.8. 
the shear str.ess i s  general ly small except f o r  8 = 600. 
I n i t i a l l y ,  h igh values are t o  be found only within the boundary layers. The 
inf luence o f  the secondary motion can be detected a t  8 = 60' and, a t  the e x i t ,  -. the turbulence i s  anisotropic wi th  high J near the pressure surface and high 
u near the suct ion surface. A t  XH = 2.50 the behaviour o f  UV i s  complex with 
a large area on the suct ion surface being occupied by pos i t i ve  values o f  - uv 
and near zero values on the pressure side. Momentum t ransfer  i n  the span 
(z*) d i r e c t i o n  i s  accomplished through G, which i s  p l o t t e d  i n  f i g u r e  20. Values 
are large near z* = 0.5, as could be expected, because o f  the region o f  large 
the values are low, corresponding t o  the small boundary l aye r  thicknesses. 
are found near the pressure 
On the suct ion side o f  the bend, 
Figures 18 and 19 show the corresponding development o f  3 and ?. 
-
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streamwise-velo i t y  gradients present. The maximum values of and are 
and V also show large changes, w i t h  maximum values o f  the order o f  0.11 Vc. 
Figure 21 shows contours o f  the w" component o f  f l u c t u a t i n g  veloci ty.  The 
contours o f  turbulent  k i n e t i c  energy were constructed f r o m  G, T and i? 
measurements and are presented i n  f i g u r e  22. 
The resu l t s  from which the f igures have been p l o t t e d  are tabulated i n  
Appendix 1 as Table I1 for the ve loc i t y  measurements and Table I11 f o r  the 
wal l  pressure measurements. 
s i m i l a r  (0.003Vc) 5 although present i n  d i f ferent  regions. The contours o f  il 
4. DISCUSSION 
Comparison o f  the laminar and turbulent r e s u l t s  shows t h a t  the in f luence 
o f  the bend r e s u l t s  i n  a greater asymnetry about the mean radius i n  the 
upstream supply duct f o r  turbulent  f low and i s  associated wi th  the favourable 
pressure gradient on the suction side. I n  contrast, the laminar f l o w  w i th  
th icker  boundary layers i s  found t o  develop larger gapwise ve loc i t i es  more 
rapidly,  and over a larger  region, which counteract the e f f e c t  of the pressure 
gradient and r e s u l t  i n  smaller asymmetry a t  i n l e t .  This mechanism i s  also 
evident i n  the fully-developed turbulent  f low o f  reference 8 where the i n l e t  
asymmetry i s  smaller than i n  the present turbulent flow. 
Within the bend the l o c i i  o f  the maximum streamwise ve loc i t i es  i n  
f igures 7 and 12 are qu i te  d i f f e r e n t ,  as a consequence o f  the secondary flow 
development. 
a greater pressure loss i n  the bend, e.g. 0 . 4 ~  Vh calculated i n  reference 7, 
as compared with O. lpVc f o r  the present turbulent case. 
assessed by reference t o  references 7 and 8. I n  the case of laminar flow, 
the maximum streamwise ve loc i t y  a t  e =  600 i s  larger  and the decelerat ion o f  
f l u i d  near the suct ion surface a t  the e x i t  i s  more extensive f o r  f u l l y -  
developed boundary layers a t  the i n l e t  t o  the bend. 
probably r e f l e c t  a more extensive streamwise v o r t i c i t y  wt th  the th i cke r  
i n l e t  boundary layer, although the l o c i i  of maximum streamwise veloci ty,  
f o r  example, are s im i la r .  
boundary layers, the p r o f i l e s  a t  the i n l e t  are af fected by secondary flows 
of the "second kind" dr iven by noma1 stresses which, i n  turn, 
influence the development of f low i n  the bend. 
The la rge r  secondary f l o w  i n  the 1 minar case i s  associated wi th  
The influence o f  the boundary layer  thickness a t  the i n l e t  can be 
These dif ferences 
I n  the case of turbulent f low w i t h  fully-developed 
There is no correspond- 
9 
i n g  effect  i n  the present flow. The presence of an extensive irrotational 
flow a t  the in l e t  i n  the present data resuqts i n  the f i r s t  30° behaving i n  a 
manner consistent w i t h  a potential irrotational flow w i t h  the streamwise velocity 
maximum occurring close t o  the suction surface and there is l i t t l e  evidence 
of  the ef fec t  of secondary flow u n t i l  0 = 600. T h i s  i s  i n  contrast t o  reference 
8, where the effects of secondary flow are evident upon entry to  the bend. 
Beyond this station, both reference 8 and the present results show qualitatively 
similar behaviour w i t h  the loci i  of maximum streamwise velocity occurring near 
the mean radius  of the bend. 
of  the streamwise isotachs suggest differences i n  the streamwise vorticity. 
Thus,  i n  the ex i t  plane of the present bend, there are higher negative gapwise 
velocities (-0.3 V as opposed to -0.15 Vc)  and smaller velocities on the 
symetry plane (0.2 Vc as opposed to  0.28 V c ) .  For the fluctuating velocities - 
there i s  quali tative agreement between the two flows; for example, - uv i s  
large near the suction surface a n d , a t  the e x i t  o f  the bend, 3 i s  large near 
the suction surface while ij i s  large near the pressure surface. Quantitive 
agreement is not gound and is n o t  expected. 
is up t o  0.0013 V c  i n  the present flow as compared t o  0.004 V$ i n  reference 8. 
A t  exi t ,  the respective values are 0.003 V$ and 0.007 V:. The influence of 
streamline curvature is  expected to increase turbulence levels near the suction - surface and to decrease them neak the pressure surface and the behaviour of 
uv and ? support this expectation although the behaviour of 6 i s  anomalous. No 
doubt convection of f l u i d  away from the suction surface is  also influential 
i n  determining the fluctuation levels i n  this region. 
The quantitative differences i n  the behaviour 
For example, a t  the in l e t  UV 
5. CONCLUDING REMARKS 
1. T h i s  experimental programme bar reported i n  detail on the velocity and 
pressure distribution i n  a square duct,of strong curvature w i t h  t h i n  i n l e t  
boundary layers for laminar and turbulent flows. 
2. Secondary flows o f  the first kind are present i n  both flows and are more 
pronounced i n  the laminar flow partly because of the thicker boundary 
layers. 
t u r b u l e n t  case results i n  greater asymmetries about the mean radius. 
Secondary velocities of up to  0.6 and 0.4 o f  the bulk  velocity are found 
i n  the laminar and t u r b u l e n t  regimes respectively. 
The lower magnitude of secondary flows a t  inlet to the bend i n  the 
3.  The position of  maximum streamwise velocity migrates,in laminar flow,from 
the mean rad ius  o f  the bend towards the pressure surface. 
flow, the migration is  i n i t i a l l y  towards the suction surface and l i e s  a t  the 
mean radius a t  the exit .  
potential irrotational flow i n  the entry region. 
I n  turbulent 
The t u r b u l e n t  flow behaviour is  more akin to  a 
10 
4. The pressure loss  across the bend i s  about one f i f t h  of the velocity head 
i n  the t u r b u l e n t  case. 
5. Comparisons have been made w i t h  laminar and turbulent flows w i t h  fu l ly-  
developed boundary layers a t  t h e  i n l e t  t o  the duct. 
the differences were small and i n  the turbulent flow the influence of 
streamwise vo r t i c i ty  is apparent much la te r  with the t h i n  i n l e t  boundary 
layers.  
s imilar  although, as expected, the levels are not comparable. 
This report  presents benchmark measurements against  which the results 
of numerical calculation methods can be compared. 
For the laminar flow, 





TABLE I. 90 DEGREE BEND OF 2.3 R A D I U S  RATIO AND SQUARE CROSS SECTION 
LAtVINAR FLOW: REYNOLDS NUMBER 790 VELOCITY MEASUREMENTS 
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q the bulk velocity V _ =  0.0198 m / s )  
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*** Distance from outer  wall normalised by the duct gap 
N u m b e r  of hydraulic diameters upstream of bend entry plane 
Distance from plane of symmetry normal’ised by the duct half-span 
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Streamwise I G a p w i s e  I G a p w i s e 1  StreamwiJe G a p w i s t  
vel0 c i  t 
V/Vc 
1 .04& 
1 . 0 6 7  
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1 . 0 7 8  
1 .052  
1 . 0 2 1  
0.916 
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1 .708  
1 . 7 1 8  
1.696 
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1 . 4 5 0  
1 .232  
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0 .469  
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0 - 6 9 8  
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0 .059  
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-0.039 
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0 . 3  
0 . 7  
velocit velocit j  
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1 . 5 6 4  
1 . 5 5 8  
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1 . 5 2 9  
1 . 4 3 7  
1 . 2 4 8  
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1 0  
0.5 
0 . 9  
; t r eamw i se 
velocity 
u/vc 
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1 . 7 1 1  
1 .716  
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1 .716  
1.694 
1.661 
1 .523  
1.093 
0 .772  
0 .773  
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0 . 0 7 0  
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0 . 3  
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1 0  
0 .7  
t r eamwise  
v e l o c i t y  
u/vc 
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1 . 5 0 1  
1.511 
1 .544  
1 . 6 2 1  
1.693 
1.650 
1 .156  
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0.539 
0.681 
0 . 9 4 3  
1.061 
1 .032  
0 .969  
1.083 
1 .131  
0 .687  
*Number of h y d r a u l i c  diameters downstream of bend e x i t  plane. 
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Table 11. 90 DEGREE BEND OF 2.3 RADIUS RATIO AND SQUARE CROSS-SECTION 
TURBULGm FLOW: MEAN VELOCITY,TURBULENCE LEVEL AND CROSS- 
CD-Ei?E’iATiON M Z A S l X E m S ,  my~orns N I J ’ M B ~  4 0  - 
( A l l  quantities normalised by bulk velocity V-= 1.002 4 s )  
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2.762 






























































































Gapwise ~ Gapwise 














































* Number of hydraulic diameters upstream of bend entry plane 
** Distance from plane of symmetry narmalised by the duct half-span 
*** Distance from outer w a l l  normalised by the duct gap. 
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Table IIf. 90 DEGREE BEND OF 2.3 RADIUS RATIO AND SQUARE CROSS-SECTION 
TURBULENT FLOW: REYNOLDS NUMBER 40 000 
WALL PRESSURE MElSuREMENTS 
1 '  I 
station location 
' 0.0 0.000 (Pref) 
1 .o -0.019 
1.0 -0 - 098 
1 .o -0.133 
1 .o -0.278 
1.0 -0.379 
0 .o 0.174 
1 .o 0.114 
1 .o -0.012 
1 .o -0.241 
1.0 -0.516 
1.0 -0 I660 
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APPENDIX 2 
DEFINITION OF SYMBOLS 
Roman Characters 
Pressure c o e f f i c i e n t  ( f i g u r e  15) 
' d  
cP 
De 
d Hydraul ic  diameter (40 mm) 
Dean number: De -(r) '2 1/2Re 
C 
k Turbulent k i n e t i c  energy: k 3 p(u 1 -2 + $ + W2) 
P Pressure a t  wa l l  
Pref 
r Radial co-ordinate d i r e c t i o n  ( f i g .  1) 
ri 
rO 
Reference value o f  p ( 0  = 00, r* = 0, z* = 0) 
Radius o f  curvature o f  suct ion surface 
I 1  
'I pressure I' II II 
V v c  Re Reynolds number: Re 5 a
Mean radius of  curvature: R c  0.5(ri + r ) Rc 0 
r* ' 0  r - ro Normal i s e d  r a d i a l  co-ordinate: r* Z i 
U Mean v e l o c i t y  i n  8 (streamwise) d i r e c t i o n  
- 
U R.m.s. f l u c t u a t i n g  v e l o c i t y  i n  0 d i r e c t i o n  
uv Cross-correlat ion between ij and ? 
uw Cross-correlat ion between 6 and 
- 
- 
V Mean v e l o c i t y  i n  r ( r a d i a l )  d i r e c t i o n  
Bulk mean v e l o c i t y  
R.m.s. f l u c t u a t i n g  v e l o c i t y  i n  r d i r e c t i o n  
VC - 
V 
W Mean v e l o c i t y  i n  z (spanwise) d i r e c t i o n  
35 
ti R.m.s. fluctuating velocity i n  z direction 
Axial distance along s t r a i g h t  duct, expressed i n  hydraulic diameters xH 
z Spanwise co-ordinate directiot! ( f i g .  I )  
Duct half-width (20 mm) 
L 
I Z* Normal ised spanwise co-ordinate: Z* E - 
z1/2 
Greek Characters 
e Axial (streamwise) co-ordinate direction ( f i g .  1) 
V Kinematic viscosity o f  water 
P Density of water 
l 
I 
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Fig. 1 Dimensions of bend and co-ordinate 






Fig. 3 ( i i )  View o f  bend showing intersection volume. 
F i g .  3 ( i i i )  View o f  op t i ca l  system. 
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P H O T  0 M U L7 I P L \ E 
H \ G U  PASS 
FILTER 
FPEQUENCY 
A N  &LOG u E 
0uTPu-r 
F i g .  4 Block diagram o f  Doppler signal processing 
arrangement. 
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Fig. 5 ( i )  V isua l i za t ion  o f  secondary f l o w  a t  entrance t o  the bend. 
Re = 1275. 
Wire inser ted  a t  0 =  Oo, r* = 0.3. 
Flow d i r e c t i o n  f r o m  l e f t  t o  top r i g h t ;  
Fig.  5 ( i i )  V i sua l i za t i on  o f  f low a t  e x i t  o f  the bend. Re = 790. 
Flow d i r e c t i o n  from l e f t  t o  top r i g h t ;  wires inser ted  














0.0 1.0 u/v, 
( v )  e = 77.5' ( v i )  XH = 0.25 ( v i i )  XH = 0.40 ( v i i i )  XH = 2.5( 
Fig.  6 Laminar f low: p r o f i l e s  o f  U/V, a t  successive streamwise 
stat ions.  
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3 0 0 0 0 0 0  
3 N V L D O D O  
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(i) XH = -0.25 (i i )  0 = 30' ( i i i )  0 = 60' 
( i v )  8 = 77.5' ( v )  XH = 0.25 ( v i i )  XH = 2.50 
Fig.11 Turbulent f l o w :  profiles of U/V, at successive 
streamwise stations. 
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